Large pressure drops, and the associated pumping requirements, are often considered the most critical factor hindering widespread commercial use of microchannel heat sinks. Analytical methods are used in the present work to arrive at the pumping requirements for any given microchannel heat sink. A graphical method to check the suitability of a pump to a microchannel heat sink application has been devised. The size of the microchannels is also optimized so that for a specified heat removal rate, the pumping requirements are minimized. A number of commercially available pumps as well as several micropumps presented in the literature are compared based on their flow rate, pressure head and physical size to assess their suitability for a specific representative cooling application.
NOMENCLATURE

INTRODUCTION
Microchannel heat sinks have been investigated for over two decades for application in electronics cooling [1, 2] . Despite their proven potential for handling high heat fluxes, they have not found widespread commercial use. This is believed to be largely due to the very high pressure drops encountered in the microchannels. High pressure drops necessitate the use of relatively large pumps with significant power requirements. In the present work, the pumping requirements of microchannel heat sinks are analyzed, and the dimensions of the microchannels are optimized such that for a given thermal load, the pumping requirements of the heat sink are minimized. A simple analytical approach is employed in which the flow rate required for cooling and the pressure drop DRAFT through the channels are related to the size of the microchannels.
The suitability of various pumps and micropumps (comprehensively reviewed in [3] ) for use in microchannel heat sink applications is evaluated in a graphical format.
DERIVATION OF THE PUMPING REQUIREMENTS
An analysis framework is developed in this section to optimize the dimensions of a microchannel heat sink such that the desired heat removal rate is achieved while employing the minimum possible pumping power. The minimum flow rate and pressure head required to achieve the desired heat removal rate are calculated under specific thermal constraints and these are in turn related to the dimensions and the number of microchannels in a heat sink.
A microchannel heat sink used to cool a high power density chip is considered, without regard to the mechanism used for pumping the fluid or the heat exchanger required for ultimately transferring the heat from the fluid to the ambient. The dimensions of the heat sink and the microchannels are denoted in the schematic in Figure 1 . The length and the width of the heat sink are the same as that of the die being cooled, and hence are fixed at L d and W d . The width of a microchannel w c and its aspect ratio α (and hence its height h c = αw c ) are variables. The number of channels n depends on the channel width and hence is also a variable. The number of channels would also depend on the wall thickness w w ; however, this parameter is considered to be a constant in this work. Finally, the mean flow velocity U, and hence the total volume flow rate through all the channels Q, as well as the pressure drop ∆p, are also variables. Figure 1 . Descriptors of the microchannel heat sink geometry.
The two primary thermal considerations in the design of a cooling solution for an integrated circuit chip relate to the limits on the maximum temperature and the maximum temperature gradient on the chip. These may be expressed as: 1) The maximum temperature at any point on the chip should be less than T max , i.e., T
2) The maximum temperature gradient on the chip is limited
These two thermal limits are used in the following to calculate the limiting flow rate and the pressure head for given values of heat removal rate and channel dimensions.
Assuming that all the heat from the chip goes towards increasing the temperature of the cooling fluid (q d = q f = q), energy conservation requires that
Further, assuming thermally fully developed conditions under a constant heat flux boundary condition, the temperature profile in the microchannels in the axial direction would be as shown in Figure 2 . Figure 2 . Temperature profiles in the microchannels.
Therefore, the heat transfer coefficient is constant throughout the channel, and the Nusselt number based on hydraulic diameter is a function only of the channel aspect ratio [4] , i.e.,
The local heat flux at any axial location in the channel can now be written as
in which A nPL = is the internal area of the microchannels. Since the difference between the wall temperature and the mean fluid temperature is also constant, the limit on the maximum temperature gradient on the chip can be written in terms of the maximum temperature gradient in the cooling fluid, as
. Since the fluid temperature varies linearly along the length of the channel, Equation (1) yields the limit on the minimum flow rate as,
Equation (3) can also be used to derive an expression for the maximum temperature on the chip, which will occur at the microchannel outlet:
Using the expressions 
Since the inlet temperature of the cooling fluid is limited by the ambient temperature, another limit on the minimum flow rate exists, and is given by rearranging Equation (6):
It may be noted that the minimum flow rate in Equation (7) is a function of the microchannel width, width of the wall (w w ) and the channel aspect ratio, whereas the minimum flow rate in Equation (4) is independent of these parameters. Equation (7) also provides a limit on the maximum width of the microchannels for a given flow rate:
For fully developed flow through a channel of rectangular cross-section, the pressure drop through the channels can be related to the mean flow velocity and the size of the channels using standard hydrodynamic relations. The product of the friction factor f and Reynolds number Re (based on hydraulic diameter) is a function only of the aspect ratio of the channels:
Using standard definitions of f and Re, Equation (9) becomes
The mean flow velocity can be related to the volume flow rate and the number of channels using c c Q nw hU = . Using this relation along with some algebraic manipulation results in the following expression relating the pressure drop and the flow rate in microchannels:
Representing the height of the channels in terms of the aspect ratio, Equation (11) can be written as:
For a prescribed channel aspect ratio, all the variable parameters are on the left hand side of Equation (12), while the right hand side of the equation is a constant. Hence the pressure drop in the channels can be plotted against the total volume flow rate as a function of the width of the channels (since w w is a constant). Different values of the aspect ratio will result in different curves, all passing through the origin of the axes.
Moreover, according to Equation (12), the minimum pressure drop in a microchannel heat sink depends on the minimum volume flow rate. Hence two limits on minimum pressure drop can be obtained by combining Equations (4) and (7) respectively with Equation (12): 
The minimum thickness of the microchannel walls (w w ) and the maximum depth and aspect ratio of the microchannels are also generally limited by fabrication constraints and constraints related to structural integrity, and will limit the maximum heat removal rate.
A typical plot of the pressure drop versus total volume flow rate for analyzing the pumping requirements of a microchannel heat sink is shown in Figure 3 . The minimum volume flow rate and the minimum pressure drop set by the limit on the maximum temperature gradient on the chip are plotted from Equations (4) and (13) by varying the channel width for a given aspect ratio. It may be noted that since the limit on the minimum volume low rate from Equation (4) is independent of the aspect ratio and the channel size, this limit is a straight line parallel to the pressure axis. The end points of the line are determined from the limit on the minimum pressure head (Equation (13)) and hence are dependent on the channel size. The minimum flow rate and the minimum pressure drop set by the limit on the maximum temperature of the chip are also plotted from Equations (7) and (14). Both these limits are dependent on the aspect ratio and the channel width. This trendline is also plotted for a prescribed aspect ratio over a range of channel widths. As the width of the microchannels increases, the minimum flow rate calculated from Equation (7) increases, while the minimum pressure head obtained from Equation (14) first decreases, reaches a minimum value and then increases. The "operating region" of the microchannel heat sink has also been identified in Figure 3 . If the operating point of the microchannel heat sink, i.e., the flow rate and pressure drop at which the microchannel heat sink operates, lies within the "operating region," the desired heat transfer rate will be achieved and the limits on the maximum chip temperature and maximum temperature gradient will be met; otherwise, one or more of these three conditions would not be satisfied.
If the "operating region" of a microchannel heat sink of given dimensions (aspect ratio and channel width), were to be plotted, it would be a straight line, whose starting point would be determined by the limits on the minimum flow rate (Equations (4) and (7)) and the corresponding limits on the minimum pressure drop (Equations (13) and (14)). But since the flow rate and the pressure drop in a microchannel heat sink are related by Equation (12), the four limits for a microchannel heat sink of given dimensions may be fully represented by the limits on the flow rates, or alternatively, by the limits on the pressure head. Therefore, in effect, the greater of the two flow rate limits, or the two pressure drop limits, will identify the "operating region" for a microchannel heat sink of given dimensions.
With reference to Figure 3 , for microchannel heat sinks where the microchannel width is less than the optimal value w c * marked in the figure, the flow rate from the limit on the maximum temperature gradient gives the limiting condition, while for cases where the microchannel width is greater than w c * , the pressure drop from the limit on the maximum chip temperature gives the limiting condition. The resulting area covered by these two limits thus delineates the "operating region."
The lower limit of the "operating region," labelled the "minimum operating limit" in Figure 3 , represents the flow rate and pressure head combinations below which either the desired heat transfer rate or one of the thermal constraints would remain unmet for any microchannel width at a given aspect ratio. Figure 4 . Pumping requirements for microchannel heat sinks, relative to the minimum operating limit identified in Figure 3 and hypothetical pump curves.
The suitability of a pump to a microchannel heat sink design can be assessed by superimposing the pump curve and required flow rate versus pressure drop characteristics for the heat sink on a plot of the pumping requirements for the heat sink, as illustrated schematically in Figure 4 . The pump curve refers to the flow rate versus pressure head characteristics of the pump, and is usually obtained experimentally. The flow rate versus pressure drop characteristics of the microchannel heat sink are obtained from Equation (12); these are straight lines of positive slope passing through the origin. The slope of the line is a function of the microchannel dimensions. The point of intersection of these two curves would be the operating point of the pump and heat sink. Only if the operating point lies in the "operating region" can the pump meet the desired conditions for the microchannel heat sink. Hence, for the example in Figure 4 , pump 1 in conjunction with microchannel heat sink 2 and 3 or pump 2 with microchannel heat sink 3 can dissipate the given heat load while satisfying the specified thermal constraints (points marked with open circles). The other pump-heat sink combinations would not work (points marked with solid circles). This approach provides a very simple way of assessing the suitability of any pump and microchannel heat sink for a desired application.
The point of intersection of the two limiting curves also represents the minimum pumping requirements of the microchannel heat sink, while satisfying the given thermal constraints. The microchannel width corresponding to this point, w c * , would be optimal for a prescribed aspect ratio, and the heat sink with these dimensions would impose the minimum requirements on the pump used to drive the fluid through the microchannels. This optimal width can be calculated by equating the flow rates from Equations (4) and (7):
It may be noted that the foregoing analysis was performed under the following assumptions: fully developed hydrodynamic and thermal boundary layers in the microchannel; constant heat flux boundary condition; all four walls of each microchannel participating in heat transfer (lid not separately accounted for); constant wall thickness w w between adjacent microchannels; and negligible deterioration in heat transfer due to fin inefficiencies. All these assumptions can be readily relaxed in the analysis framework; however, closed-form solutions may not be obtainable in some cases, and a numerical approach may be needed for solution.
ILLUSTRATIVE EXAMPLE
A specific example of an integrated circuit chip (given size and heat flux) is now used to illustrate the procedure developed above to obtain representative numerical values for optimal microchannel dimensions and pumping requirements. The pumping requirements calculated are compared to the pump curves of several small commercially available pumps. The pumping requirements are also compared to the capabilities of various micropumps presented in literature. 
5°C/cm
The heat load, thermal constraints, dimensions of the microchannel heat sink and the coolant properties used in the example are summarized in Table I , and are considered to be realistic estimates from practical applications. The coolant properties are those of water at 330 K [4] .
The pumping requirements of the microchannel heat sink considered are plotted in Figure 5 . The flow rate versus pressure drop characteristics for two channel widths (100 and 400 µm) are also plotted. In addition, pump curves for several miniature conventional pumps, namely centrifugal, gear and flexible impeller pumps [5] , as well as for a number of micropumps are also plotted so that their suitability to this application may be assessed. The micropumps considered are a valveless (nozzle-diffuser) micropump using piezoelectric actuation [6] , an injection-type EHD micropump [7] , an electroosmotic micropump [8] , a rotary micropump [9] and a piezoelectric micropump [10] . Both the flow rate and pressure head provided by the mini centrifugal pump are greater than the range of values on the axes in Figure 5 , and are not visible in the plot.
Because of the wide variation in the pressure heads provided by different pumps and micropumps, a semilogarithmic scale is selected. All the pump curves are plotted using the maximum flow rate (at zero pressure head) and the maximum pressure head (at zero flow rate) provided by the pump and are assumed to be linear between those end-points; this is adequate for the illustration here, but actual pump curves should be used whenever available.
Since none of the micropumps presented in literature are able to meet the requirements of the microchannel heat sink considered, especially the flow rates, several micropump units would need to be combined in parallel to achieve the desired flow rate. The pump curves for the micropumps presented in Figure 5 are for such parallel sets of pumps. For the present demonstration of the analysis approach, no additional considerations are included in terms of the feasibility or inefficiencies of connecting these micropumps in parallel. The pumps and micropumps are also compared in Table II based on their maximum flow rate, maximum pressure drop and size. For micropumps, the size of the individual micropumps is listed along with the number of micropumps needed. Hence 25 injection-type EHD pumps or 1000 rotary pumps would be needed in parallel to provide the flow rate needed for achieving the desired heat removal rate. Table II ) to achieve the desired flow rates.
Clearly, the flow rate and pressure head provided by the conventional pumps is much higher than that provided by several hundreds of micropumps in parallel. However, the size of each of the conventional pumps is much larger than that of the micropump combinations. The smallest conventional pump, miniature gear pump 1, has a volume of approximately 300 cm 3 . In comparison, the volume of the multiple injectiontype EHD pumps, rotary micropumps and piezoelectric pumps required would be 0.17, 6.03 and 10.53 cm 3 , respectively, again assuming that no additional volume is necessary for implementing multiple pumps in parallel.
Interpreting Figure 5 , for the microchannels of channel width 100 µm, only the conventional pumps and the electroosmotic and the valveless micropump combinations, among the ones considered, would be suitable for the present design. It may be noted that the points of intersection of the pump curves of conventional pumps with the microchannel characteristics lie outside the graph (to the right). However, for the heat sink with 400 µm wide microchannels, all the pumps and micropump combinations would provide the desired heat removal rate, while satisfying the thermal constraints. Micropumps other than the electroosmotic and valveless ones can also be used for the heat sink with 100 µm wide microchannels; however this would require attaching micropumps in series to achieve the high pressure drops in these smaller channels. For example for the combined parallel set of rotary micropumps, 50 such sets would need to be connected in series, assuming each additional micropump enhances overall pressure head by the same amount without any decrease in flow rate. Since 1000 rotary micropumps are needed in parallel, a total of 50,000 (50×1000) units would be needed to achieve the desired flow rate and pressure head. The volume of such combination pumps would then exceed the smallest conventional pump considered. The feasibility of implementation of such a large number of micropumps in the series-parallel combination is also uncertain.
The optimal microchannel widths calculated using Equation (15) to satisfy the imposed thermal constraints are listed in Table III for different channel aspect ratios. For the specified heat removal rate and thermal constraints, the pumping requirements of the microchannel heat sinks are minimal at these microchannel widths. A graphical method to assess the suitability of a given pump for a particular microchannel heat sink application has also been devised.
In addition, a relationship has been developed to optimize the size of the microchannels so that the requirements on the pump are minimized for a given heat removal rate.
The methods to analyze the pumping requirements and to assess the suitability of pumps to particular microchannel heat sink designs have been explained with an illustrative example.
